We report on the fabrication and characterization of two-dimensional polymer photonic crystal band-edge lasers operating in the visible range. The components have been fabricated in a dye chromophore-loaded polymer matrix by nanoimprint lithography. High-symmetry band-edge modes are used to generate laser emission. The experimental lasing frequencies are in good agreement with those calculated using a two-dimensional plane wave algorithm. These results demonstrate the potential of nanoimprint lithography for the fabrication of two-dimensional planar photonic crystal structures in an active medium in a one-step process. © 2007 American Institute of Physics. ͓DOI: 10.1063/1.2798250͔
The advantages of two-dimensional ͑2D͒ defect-free photonic crystals ͑PhCs͒ over the conventional onedimensional ͑1D͒ feedback gratings are to present potentially lower lasing thresholds 1 and highly directional vertical emission.
2 The 2D optical feedback is provided by the lowgroup velocity band-edge modes of the 2D PhC. 3, 4 In the past few years, PhC band-edge lasers have attracted great interest and have been demonstrated in organic [4] [5] [6] [7] and semiconductor [8] [9] [10] [11] media. Recently, this research field has been highlighted by the demonstration of an electrically driven PhC laser. 12 Despite such progress, the fabrication of PhCs often requires elaborate and expensive techniques, such as electron-beam lithography and reactive ion etching. 13 For this reason, PhC lasers are not yet extensively used. Cost and time efficient lithographic techniques are actually desirable to solve this throughput issue. In this context, several patterning methods have been developed. For example, laser holography demonstrated its capability to pattern perfectly the periodic 2D ͑Refs. 7 and 14͒ and three-dimensional 15 PhCs on a large scale. Soft lithography 16 and nanoimprint lithography 17 ͑NIL͒ techniques have been used to realize 1D feedback grating with high throughput. NIL has been used to fabricate 2D photonic crystals for enhanced light extraction. 18, 19 Moreover, room temperature NIL has been proposed to minimize the degradation of the active media due to the otherwise higher temperatures. 20, 21 Unfortunately, the former promising method does not lead to high aspect ratio features. Therefore, due to the relatively weak optical feedback, the dimension of the gratings has to be increased to obtain lasing action. In this letter, we report on 2D visible PhC band-edge lasers fabricated in a single processing step by NIL. The active medium is the printable polymer itself loaded with dye emitting molecules. The devices were designed to operate at the ⌫ band-edge points above the cone of light. We demonstrate that NIL can achieve a high fidelity and high aspect ratio pattern transfer. This results in larger feedback of the lasing modes and thus reduces laser thresholds and device sizes.
Silicon stamps for two-dimensional photonic crystals with honeycomb lattices were produced by electron beam lithography ͑Jeol 6000͒ with a dose of 130 C/cm 2 and under a beam current of 100 pA using a 150 nm thick layer of ZEP 520 resist ͑Zeon Corporation͒ prebaked at 120°C. The development is carried out during 30 s in a solution of ZED N50 ͑Zeon Corporation͒. The silicon stamp is etched 350 nm deep using an inductively coupled plasma reactive ion etching system ͑Surface Technology System͒ with a mixture of SF 6 and C 4 F 8 gases. The overall stamp size used in our experiments is a 2 ϫ 2 cm 2 silicon stamp, including 100 ϫ 100 m 2 PhC areas. The stamp is subsequently treated with an antiadhesive monolayer ͑tridecafluor-1, 1, 2, 2-tetrahydrooctyl trichlorosilane͒ deposited from the vapor phase, which results in a very low surface energy ͑between 10 and 11 mN/ m͒. This treatment is very important in order to avoid adhesion of the polymer to the stamp during the imprinting process and to facilitate demolding. The dyedoped polymer is composed of rhodamine 6G ͑Sigma Aldrich͒ directly dissolved with a concentration of 5 ϫ 10 −3 mol/ l in a printable polymer ͑mr-NIL 6000 from Micro Resist Technology͒, which has a glass transition temperature of only 40°C and is optically transparent in the visible range. The refractive index of the doped polymer has been measured by ellipsometry to a value of 1.614 at a wavelength of 550 nm.
During the nanoimprint lithography process, the stamp is pressed directly into a thin resist film at a temperature above the glass transition temperature of the polymer under high pressure in a 2.5 in. Obducat nanoimprinting machine. The modified mr-NIL 6000 resist is spin coated on a Pyrex substrate at 3000 rpm for 1 min and baked at 115°C for 5 min to remove the residual solvent. The measured polymer thickness is 280 nm. Then, the stamp is pressed against the substrate at a temperature of 90°C and under a pressure of 60 bars for 5 min. The pressure is sustained until the temperature falls below 35°C. Imprints were not exposed to UV light to crosslink the polymer. Figure 1͑a͒ shows the scanning electron microscopy images of nanoimprinted photonic crystals with a lattice constant of 460 nm.
To test the possible impact of the NIL process on the optical properties of the active layer, the photoluminescence ͑PL͒ spectrum of the spin-coated dye-doped polymer on a quartz substrate was compared to that of the same substrate imprinted with a flat stamp. For this measurement, PL was excited by the 514.5 nm line of an argon ion laser, collected through a 20ϫ microscope objective and dispersed in a spectrometer with 0.1 nm spectral resolution. A decrease of less than 3% in the PL intensity is found after patterning ͓Fig. 1͑b͔͒. This effect is due to the temperature sensitivity of rhodamine 6G during the prebaking and imprinting process, while the imprinting pressure is not found to be a critical parameter. 22 The use of a printable polymer with a glass transition temperature of about 40°C, which is much lower than that of, e.g., polymethyl methacrylate, is therefore an advantage to avoid thermal degradation.
The 2D nanoimprinted PhCs were also characterized by PL spectroscopy at room temperature in a vacuum cell. In this case, the samples were optically pumped using a 10 Hz frequency-doubled Q-switched Nd: VO 4 laser light at 532 nm focused to a 40 m diameter spot on the sample surface. The temporal width of the pulses emitted by the laser is 0.7 ns. Figure 2͑a͒ shows the measured emission spectrum of the 2D PhC with a 460 nm lattice constant at a pump power of 17 J/mm 2 , i.e., 5.6 times above the laser threshold. The measurable linewidth of the laser peak is limited by the resolution of the spectrometer. The emission intensity is plotted as a function of the incident excitation fluence. The light input-output relation exhibits a sharp turn on at the laser threshold. By changing the lattice constant of the PhC, one can explore other lasing modes from the PhC. For example, by fixing the lattice constant to 580 nm, one can observe two other modes in the gain bandwidth of rhodamine ͓Fig. 2͑b͔͒.
To explain these observations and to compare the measured lasing wavelengths to simulation, the 2D band diagram of the 2D PhC with a honeycomb lattice was calculated using a plane wave algorithm from Optiwave Corporation. Figure 3 presents the dispersion diagram for the photons propagating in the plane of the PhC around the ⌫ point for the transverse electric ͑TE͒ and the transverse magnetic ͑TM͒ polarizations.
A minimum lasing threshold of 3 J/mm 2 was obtained for the PhC with the lattice constant of 460 nm. This lasing threshold is 2.5 times lower and the laser surface is 50 times 
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smaller than those measured for the 1D nanoimprinted organic feedback grating, made of Rhodamine 6G doped SU-8 polymer. 23 The laser with the 460 nm lattice constant operates at 601 nm, 51 nm above the maximum of the spontaneous emission peak, indicating a strong optical feedback provided by the PhC at the ⌫ band-edge points above the light cone. At these points, the photonic bands are flat and the group velocity approaches zero. By comparing the experimental results with the flat bands of the calculated band diagram, we can observe that the lasing modes are associated with the TE polarization ͑circles in Fig. 3͒ . Furthermore, this is in agreement with the fact that TE modes are expected to present lower losses than TM modes because TE modes have a higher effective refractive index and, therefore, a higher confinement than TM modes. Table I shows a comparison of the calculated and measured reduced frequencies of the lasing modes. A very good agreement between numerical and experimental values is found.
The lifetime of the lasers as function of the number of excitation pump pulse at 8.5 J/mm 2 ͑corresponds to 2.8 times the laser threshold͒ was also measured. The laser emission drops exponentially to 10% of its initial values after 8200 pulses, which is comparable to solid-state dye lasers emitting in the visible wavelengths. 24 To improve the lifetime of the lasers, a solution is to replace the dye molecules with semiconductor nanocrystals with optical gain 25 embedded in a printable polymer. 20 In summary, two-dimensional polymer photonic crystal band-edge lasers fabricated by nanoimprint lithography have been realized. Nanoimprint lithography offers a large scale patterning method at high resolution and high throughput. Optically driven lasing response of the honeycomb lattice surface-emitting photonic band-edge lasers is identified at the ⌫ band-edge point of the defect-free PhCs by the measurement of the spectral position. This behavior agrees very well with the theoretical calculation by a plane wave method. These results could be applied for the fabrication of costefficient light-emitting polymer devices in optoelectronics. Fig. 1͑a͔͒ and a =580 nm ͓two lasing modes, Fig. 2͑b͔͒ 
